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the latter are highly effective at preventing non-specific adsorption
of protein®
We first established that the quinone propionic ester moiety
could undergelectrochemicafeduction and subsequent lacton-
ization to give the desired products in high yield. We prepared a
model quinone propionic estet)(and electrolyzed a solution of
this molecule (1 mM, 5 mg total in 1:1 THF3B containing 200
mM KCI) at —900 mV (all potentials reported here are relative
to a Ag/AgCI/KCI reference) until the current decayed to 1% of
dits initial value? Isolation and characterization of the reaction
products showed thatwas converted to the corresponding lactone
and alcohol in quantitative yieR.
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The design of any material that will contact a biological
environment requires that the surface of the material be tailore
to have desired interactions with molecules, proteins, or cells of
the contacting biological fluid. Applications that require precise
control over these interactions have benefited from the use of
self-assembled monolayers (SAMs) of alkanethiolates on gold
because these structurally ordered films offer unprecedented
flexibility in modifying surfaces with ligands and other moieties.
These characteristics were important in developing monolayers \We next describe release of biotin from the monolayer shown
that are inert in biological fluidsin that they prevent protein  in Figure 1. We used surface plasmon resonance (SPR) spectros-
adsorption and cell adhesievhich provided methods for  copy to measure the biospecific association of streptavidin with
patterning the positions and shapes of attached tellse the monolayer and to demonstrate the loss of binding after biotin
attachment of ligands to these inert SAMs gives surfaces to which yag electrochemically releas&d2 The following sequence was
proteins and other receptors selectively bind. Monolayers present-ysed to measure the association of proteins to the monolayers:
ing peptide ligands, for example, have been used to control the puffer (PBS, pH 7.4) was flowed over the monolayer for 3 min
adhesion of cell$,and monolayers presenting oligonucleotides to establish a baseline; a solution of protein in the same buffer
have been used for probing gene expression in cells. was flowed over the surface for 8 min to observe binding; buffer

A new challenge in biointerfacial science is to desitymamic was again flowed for 4 min to quantitate the amount of protein
substrates that can alter, in real-time, the display of ligands and, that remained bound. Figure 2A shows that streptavidin (60 nM)
hence, the interactions of proteins and cells with the substrate. hound to a monolayer presenting the quinone propionic ester
We previously demonstrated a dynamic SAM that could be suybstituted with biotif® The change in resonance anghy after
switched from a state that is initially inert to a state that permits streptavidin was flowed over the substrate corresponds to a final
the Diels-Alder mediated immobilization of ligands, which in  protein density of 1.1 ng/mmThe protein remained irreversibly
turn provides a strategy to activate the selective binding of proteins hound because of the high affinity of the streptavieliotin
to a substraté.Here, we describe a new class of dynamic complex. When the streptavidin was mixed with biotin (140)
electroactive monolayer that can selectivedieaseimmobilized before introduction to the SAM, there was no binding of the
ligands. protein to the surface, demonstrating that the interaction is

The monolayer shown in Figure 1 was designed to release thepjospecific (Figure 2B). The reduction and subsequent lacton-
ligand biotin when a reductive potential is applied to the jzation and release of hiotin was triggered by application of a
underlying gold. This dynamic property derives from the quinone potential of—700 mV for 3 min'45SPR showed that the amount
propionic ester that tethers the biotin to the monolayer. Previously, of streptavidin that bound to the resulting SAM decreased by 95%
quinone propionic esters and amides have been used as protectingrigure 2C). Importantly, the electrochemical treatment did not
groups for alcohols and amines, respectively, because milddamage the monolayer or compromise its resistance to non-
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chemical reduction of the quinone affords the hydroquinone,
which rapidly lactonizes with liberation of an alcohol or amfne.
The two methyl groups at the benzylic position together with the
proximal methyl group on the ringcollectively referred to as
the “tri-methyl lock™—serve to increase the rate of the lactoniza-
tion reaction, and therefore, the release of ligair our pur-
poses it is essential that the monolayers remain inert to the non-
specific adsorption of proteirboth before and after release of
the ligand. Accordingly, the monolayers used here present the
electroactive tether at low density (approximately 1% of total
alkanethiolate) surrounded by tri(ethylene glycol) groups because
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(13) SPR measures the angle of ligh) ¢eflected from the backside of
the gold substrate that is a minimum in intensity. Changes in this angle (
are linearly related to the index of refraction of the solution above the surface
and therefore to the density of adsorbed proteifi 6f 0.10° = 1 ng/mn¥).
Experiments show a changefrimmediately following protein injection due
to differences in refractive index between the two solutions.

(14) Electrochemistry was performed in buffered water (PBS, pH 7.4) using
the gold substrate as the working electrode, a platinum wire as the counter
electrode, and a Ag/AgCI/KCI reference electregior to mounting the
substrate in a cartridge for analysis by SPR.
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Figure 1. Design of a self-assembled monolayer (SAM) that selectively releases the ligand biotin upon application of a reductive potential. The ligand

is tethered to the alkanethiolate through a quinone propionic ester and is present at a density of 1%. On application of a petéd@iah@fto the
underlying gold film, the quinone is reduced to the hydroquinone, which then undergoes rapid lactonization with release of biotin. The tri(ethylene
glycol) groups in the monolayer prevent the non-specific adsorption of protein.
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buffer protein buffer quinone propionic ester tether. For this monolayer, application
' | ' ' of a potential of—~700 mV for 3 min had no effect on the amount

z‘;’?"“‘d‘“ of streptavidin that associated, and the monolayer also remained
quinone resistant to non-specific protein adsorption (data not shown).
A Ioos(aeg) —sAM These data establish that ligands tethered to a monolayer with
TAWTlass the quinone propionic ester can be selectively released without

streptavin compromising the inertness of the monolayer or the activity of

+ biotin

ligands that are not tethered to the monolayer through the quinone
propionic ester.

The dynamic substrate described here embodies a general
—— streptavidin strategy for preparing biosurfaces that offer unprecedented, real-
lactone time control over the properties and functions of biosurfaces.

Central to this strategy is the structural order inherent to SAMs,
which allow the structures and environments of ligands to be
—fibritogen tailored with molecular-scale control. Also important is the use
of inert SAMs that prevents non-specific interactions at the
interface. The incorporation of appropriate redox-active moieties
that can be electrochemically switched by applying potentials to
the gold provides a non-invasive and selective means to modify
streptavin the structure and properties of the monolayer. This strategy to
+ biotin manipulate interfacial properties has the advantage that it is less
invasive than alternate strategies that use heat, light, or reagents
‘ : ‘ ‘ to alte_r _propgrties. E_Iectripally _active films also offer a(_JIvante}ges
o 200 400 60 800 1000 for efficient integration with microelectrical systems, including
Time (s) the use of microelectrode arrays and patterned monolayers to build

Figure 2. SPR data showing the association of proteins with the SAMs surfaces that combine multiple functions.

(see text for an explanation of the data). The change in resonance angle We believe that this method will be most important for
(A0) is plotted on the vertical axis: the scale bar applies to all data, engineering tailored substrates for mechanistic studies in cell
which are offset for clarity. (A) Streptavidin (60 nM) associated with a  biology. The interactions of adherent cells, in vivo, with the
surface presenting biotin. (B) Streptavidin pre-incubated with biotin (140 insoluble extracellular matrix are mediated by the binding of cell-
#M) showed no association with the surface, demonstrating that the inter- surface receptors to peptide and carbohydrate ligands of the
action is biospecific. (C) Application of a potential 6700 mV for 3 min matrix. Many cellular functionsincluding metastasis and

to the monolayer, prior to the binding experiment, resulted in the release mjigration—are regulated by changes in the composition of ligands
of ligand and a 95% reduction in streptavidin binding. (D) Fibrinogen  ,rasent in the matrix. The surface chemistry approach described
(0.5 mg/mL) did not adsorb to the SAM following electrochemical treat- here makes possible the preparation of substrates that present

ment, demonstrating that the SAM remained inert to protein adsorption. ; . - . -

(E) Application of a potential of-1100 mV for 5 min caused association mu[tlplle Ilg]lands,bet thICh Czn bﬁ tngg%red to Selectlvtely{.elea}se

of streptavidin presaturated with biotin, showing the surface was damageda smg_ € class o Igan » and will provide new opportunities in
experimental cell biology.

and was no longer resistant to non-specific protein adsorption.
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(15) Ellipsometric characterization of a monolayer that presented the biotin JA000419P
quinone propionic ester at a density of 25% (to increase signal contrast) showed
that the thickness decreased®A after electrochemical treatment, consistent
with release of biotin from the surface. Grazing-angle FTIR spectra were (16) The use of more extreme potentiatsl00 mV for 5 min) gave mono-
inconclusive, presumably because of the disordered structure of the oligo- layers that were no longer inert to non-specific protein adsorption (Figure 2E),
(ethylene glycol) groups and the biotin quinone propionic ester groups. and lower potentialst600 mV for 3 min) gave incomplete cleavage of biotin.

protein fibrinogen (Figure 2D¥ As a final control, we prepared
a monolayer presenting biotin but that did not incorporate the




